c-kit, the transmembrane tyrosine kinase receptor for stem cell factor, is required for melanocyte and mast cell development, hematopoiesis, and differentiation of spermatogonial stem cells. We show here that in the heart, c-kit is expressed not only by cardiac stem cells but also by cardiomyocytes, commencing immediately after birth and terminating a few days later, coincident with the onset of cardiomyocyte terminal differentiation. To examine the function of c-kit in cardiomyocyte terminal differentiation, we used compound heterozygous mice carrying the W (null) and W v (dominant negative) mutations of c-kit. In vivo, adult W/W v cardiomyocytes are phenotypically indistinguishable from their wild-type counterparts. After acute pressure overload adult W/W v cardiomyocytes reenter the cell cycle and proliferate, leading to left ventricular growth; furthermore in transgenic mice with cardiomyocyte-restricted overexpression of the dominant negative W v mutant, pressure overload causes cardiomyocytes to reenter the cell cycle. In contrast, in wild-type mice left ventricular growth after pressure overload results mainly from cardiomyocyte hypertrophy. Importantly, W/W v mice with pressure overload-induced cardiomyocyte hyperplasia had improved left ventricular function and survival. In W/W v mice, c-kit dysfunction also resulted in an Ϸ14-fold decrease (PϽ0.01) in the number of c-kit ϩ /GATA4 ϩ cardiac progenitors. These findings identify novel functions for c-kit: promotion of cardiac stem cell differentiation and regulation of cardiomyocyte terminal differentiation. (Circ Res. 2008;102:677-685.) 
T he response of the mammalian heart to stresses such as pressure overload (PO) or injury is limited after birth by cardiomyocyte terminal differentiation. 1, 2 This restricts the adult heart to adaptation by growth through cardiomyocyte and left ventricular (LV) hypertrophy, a response associated with increased mortality. 3 Recent discoveries of primitive cardiac stem cells (CSCs) and cardiomyocyte progenitors residing in the adult heart, however, have suggested that it may be possible to renew cardiomyocytes in the injured heart or to increase LV mass in response to PO by adding new cardiomyocytes. 4, 5 Of the different CSC populations, c-kit ϩ CSCs have the highest capacity to generate myocardial cells in vitro. 6 Understanding how c-kit ϩ CSC differentiation is regulated should allow manipulation of these cells in situ. c-kit is the transmembrane tyrosine kinase receptor for stem cell factor. 7 Transphosphorylation of tyrosines in the intracellular portion of c-kit creates binding sites for Src homology 2 domain-containing proteins that recruit regulatory proteins. Phosphorylation of these proteins, which include phosphoinositide 3Ј-kinase, phospholipase C ␥ , the Src family of tyrosine kinases, and p21 ras GTP-activating protein, 7, 8 is crucial for c-kit signaling. 7 Phenotypes resulting from germline loss-of-function mutations, as in WBB6F1/J-Kit W /Kit W-v (W/W v ) mice, have established a role for c-kit in mast cell (MC) and melanocyte development, hematopoiesis, and differentiation of spermatogonial stem cells. 7, 9, 10 This led us to investigate the role of c-kit in CSC differentiation in W/W v mice. The W allele, in which the transmembrane domain is deleted, is a null mutation that is not expressed at the cell surface. W v is a missense mutation (T660M) in the kinase domain that reduces tyrosine kinase activity by Ͼ95%, thus preventing binding and phosphorylation of regulatory proteins. 8 Heterozygous W v mice have a more severe phenotype than heterozygous W mice: this dominant negative effect results from the formation of dysfunctional heterodimers. 11 W/W mice have a perinatal lethal phenotype, but W/W v mice survive. 7, 9 We have investigated the role of c-kit in the heart using W/W v mice. Here we show that not only is c-kit required in vivo for c-kit ϩ CSC differentiation but it is also expressed in cardiomyocytes and regulates their terminal differentiation.
Materials and Methods
An expanded Materials and Methods is in the online data supplement, available at http://circres.ahajournals.org.
Mice with genetic c-kit dysfunction (W/W v ) and their congenic wild-type (WT) littermate controls were subjected to suprarenal aortic constriction (SAC) and euthanized at different intervals up to 2 weeks. LV function was assessed by echocardiography and micromanometry, and cardiomyocyte proliferation was assessed by immunohistochemistry and flow cytometric analyses. Gene expression profiling was performed using microarrays followed by quantitative RT-PCR (supplemental Table I ).
Results

Expression and Function of c-kit in Cardiomyocytes
Using an antibody directed at a C-terminal epitope unique to c-kit, we found that c-kit is not detectible in fetal (embryonic day [E]15) or very early postnatal (day 0.5) cardiomyocytes but is expressed by cardiomyocytes from postnatal days 1 to 10 ( Figure 1 ), a period coincident with terminal differentiation. 2, 3, 12 At later times, c-kit expression is nearly undetectable ( Figure 1 ). Photomicrographs in Figure 1 show cell surface and intracellular c-kit in postnatal cardiomyocytes; this dual cellular localization has been detected using some c-kit antibodies, 4, 13 but others recognize only cell surface c-kit. 6 To investigate the role of c-kit in cardiomyocyte terminal differentiation, we used W/W v mice. 7, 9 Eight-week-old W/W v mice and their WT littermates have similar baseline mean proximal aortic blood pressures (Figure 2a ) and similar left ventricles in terms of weight (LV-to-body weight ratio) ( Figure 2b ), morphology (LV wall thickness/diameter ratio), and isovolemic (ϮdP/dt max ), and ejection-phase function (rate-corrected velocity of circumferential shortening [VCFr]) (supplemental Table II ). In addition, LV cardiomyocytes of adult animals of both genotypes were similar in cross-sectional area ( Figure 2c ) and predominantly binucleated ( Figure 2d ). Expression profiling of mRNA from adult W/W v and WT cardiomyocytes (5 to 7 replicates per group) revealed that of Ͼ40 000 transcripts analyzed, only 8 unrelated genes were significantly (PϽ0.05) changed by Ն2-fold in W/W v cardiomyocytes (supplemental Table III ). This suggests that under basal conditions W/W v and WT cardiomyocytes are phenotypically indistinguishable.
We reasoned that a defect in cardiomyocyte terminal differentiation caused by c-kit dysfunction may be unmasked by a provocation such as PO. 2 SAC for 3 to 14 days produced similar increases in mean proximal aortic blood pressures and LV-to-body weight ratios in WT and W/W v mice (Figure 2a and 2b). In WT mice, LV cardiomyocyte cross-sectional areas increased 32% to 41% after 3 to 14 days of SAC ( Figure  2c ), consistent with hypertrophic growth. This growth resulted in an Ϸ23% decrease in cardiomyocyte density because as the cardiomyocytes enlarge there are fewer cardiomyocytes per millimeter squared (in 7-day SAC WT mice) (Figure 2e ). In contrast, for an equivalent increase in LV growth in 7-day SAC W/W v mice (Figure 2b) , cardiomyocyte cross-sectional areas increased only by Ϸ10% (Figure 2c ), resulting in an Ϸ9% decrease in LV cardiomyocyte density (Figure 2e ; PϽ0.01). Thus, LV growth in SAC W/W v mice is only partly mediated by cardiomyocyte hypertrophy. We found no differences in proliferating LV fibroblasts ( Figure  2f ) or fibrosis ( Figure 2g ). Also, LV capillary endothelial cell (EC) density did not decrease during SAC-induced LV growth in either W/W v or WT mice (Figure 2h ), suggesting equivalent increases in EC proliferation. This was confirmed by equivalent increases (Ͼ80-fold) in synthetic capillary ECs (CD31 ϩ /bromodeoxyuridine-positive [BrdUrd ϩ ] interstitial cells) ( Figure 2i ). Because there are no differential changes in other major LV cell types, increased LV weight in W/W v SAC mice could be attributable to cardiomyocyte hyperplasia.
To assess the effect of PO on gene expression linked to cardiomyocyte proliferation, we carried out expression profiling on isolated cardiomyocytes from adult 7-day SAC WT and W/W v mice (5 to 7 replicates per group). More than 150 genes were up-or downregulated Ն2-fold (PϽ0.05) in W/W v SAC cardiomyocytes relative to WT SAC (supplemental Table IV ). Upregulated genes in W/W v SAC cardiomyocytes (confirmed by quantitative RT-PCR) are involved in transit through G 1 /S and G 2 /M phases and in cytokinesis (supplemental Table V) .
Given these findings, we sought immunohistochemical evidence for cardiomyocyte cell cycle reentry. Adult cardiomyocytes are normally refractory to cell cycle reentry. 1, 2, 12 It is therefore remarkable that in W/W v mice, after 7 and 14 days of SAC, Ki67 ϩ (expressed in G 1 , S, G 2 , and early mitosis) ( Figure 3a ) and BrdUrd ϩ (specific to S phase) ( Figure 3b through 3d) nuclei were readily observed in large rod-shaped LV cardiomyocytes (identified by ␣-myosin heavy chain [␣-MHC] expression) with mature sarcomeric organization. After 7 days of SAC, W/W v Ki67 ϩ or BrdUrd ϩ cardiomyocyte nuclei increased to Ϸ15 nuclei/mm 2 (Figure 3e and 3f). In vivo BrdUrd labeling identifies all cells that enter the S phase during the labeling period. Moreover, this nuclear label exists in cells even after they exit the cell cycle and is therefore an integrative measurement. Thus, in long-term in vivo BrdUrdlabeling studies, BrdUrd ϩ cells exceed those proliferating cells that are identified by Ki67 immunofluorescence, which labels cells that were proliferating at the moment of euthanasia. Our terminal BrdUrd-labeling interval was short (a single intraperitoneal BrdUrd injection given 12 hours before euthanasia) and hence identified only those cardiomyocytes that reentered the cell cycle in the 12-hour interval before euthanasia. The short labeling interval likely explains why BrdUrd ϩ cardiomyocytes were similar in frequency to those that were Ki67 ϩ . In W/W v SAC mice, nuclear length was 20% to 25% of cardiomyocyte length (data not shown), and most cells were binucleated ( Figure 2d ). Thus, a nucleus in cross-section may not be visible in up to 50% of cardiomyocytes viewed. Allowing for this underestimation, it is evident that as many as 30 cardiomyocytes/mm 2 (that is, Ϸ4% of the LV cardiomyocytes [calculated from Figure 2e and 3f]) had reentered the cell cycle in 7-day SAC W/W v mice. In the absence of SAC, no BrdUrd ϩ or Ki67 ϩ cardiomyocytes were observed in multiple LV sections of WT or W/W v mice. Similarly, no BrdUrd ϩ and only 2 Ki67 ϩ cardiomyocytes/ mm 2 were observed in 3-to 14-day SAC-WT mice. The absence of BrdUrd ϩ cardiomyocytes in WT hearts is likely attributable to the short interval of in vivo BrdUrd labeling (see above) and does not contradict the potential of low level cardiomyocyte renewal in WT hearts subjected to PO. 5 Cell cycle progression from G 0 /G 1 into G 2 /M is expected to result in increased ploidy (DNA synthesis without nuclear division) if the nuclei arrest in G 2 . PO (for 7 days) increased the ratio of 2N to Ն4N cardiomyocyte nuclei in W/W v mice ( Figure 4) . Along with increased DNA synthesis in W/W v SAC cardiomyocytes, these results indicate that c-kit dys-function accelerates cardiomyocyte nuclear division (karyokinesis), resulting in a left-shifted ploidy profile ( Figure 4 ). This is supported by an increase in phosphorylated histone 3-positive (H3P ϩ ) (0Ϯ0 versus 1.1Ϯ0.07 H3P ϩ cardiomyocytes/mm 2 in 7-day sham and 7-day SAC W/W v left ventricles, respectively; nϭ5 per group; PϽ0.01) ( Figure 3d ) and aurora B ϩ cardiomyocytes in 7-day SAC-W/W v left ventricles (0Ϯ0 versus 10.4Ϯ3.1 aurora B ϩ cardiomyocytes/mm 2 in 7-day sham and 7-day SAC W/W v left ventricles, respectively; nϭ5 per group; PϽ0.05) ( Figure 5 ). H3P is associated with chromosomal condensation that accompanies the onset of mitosis, and aurora B, a regulator of kinetochore-microtubule We next asked whether cardiomyocyte karyokinesis is uncoupled from cytokinesis in W/W v SAC mice. Such uncoupling should be readily apparent by the finding of cardiomyocyte multinucleation. 14 Enzymatic dissociation of heart muscle in W/W v mice and cytochemical assessment of the number of nuclei per cardiomyocyte revealed that SAC does not promote multinucleation (Figure 2d) Kühn et al 15 recently showed that periostin, an extracellular matrix component, induces cell cycle reentry in adult cardiomyocytes. Although periostin mRNA expression was not different between WT and W/W v left ventricles (data not shown), c-kit dysfunction could, by inhibiting MC development and hematopoiesis, alter the extracellular matrix in a manner that lowers the threshold for cardiomyocyte cell cycle reentry. To investigate the loss-of-function effects associated directly with c-kit activity in cardiomyocytes, transgenic mice were generated with cardiac-restricted expression of the dominant negative c-kit mutant W v using an ␣-MHC promoter coupled to the W v coding sequence (Figure 6a ). 11 In the highest-expressing line (␣-MHC/W v -Tg-2.1) LV W v transgene expression was Ϸ12-fold and Ϸ62-fold higher than c-kit expression in 2-day and 13-week-old mice, respectively (Figure 6b ). c-kit immunofluorescence was nearly undetectable in adult WT cardiomyocytes ( Figure 6c ) but was readily observed in adult ␣-MHC/W v -Tg-2.1 LV cardiomyocytes (Figure 6d ). Because LV W v expression was much higher than endogenous c-kit expression in these transgenic mice and c-kit mRNA levels were similar to those in WT littermates (Figure 6b) , it is likely that c-kit-like immunofluorescence in adult ␣-MHC/W v -Tg-2.1 LV cardiomyocytes is mainly attributable to W v overexpression. We did not observe BrdUrd ϩ , H3P ϩ , and aurora B ϩ cardiomyocytes in 13-week-old normotensive ␣-MHC/W v -Tg-2.1 left ventricles. However, after 7 days of SAC, BrdUrd ϩ (0Ϯ0 and 9.7Ϯ1.5 ␣-MHC ϩ /BrdUrd ϩ LV cardiomyocytes/mm 2 in ␣-MHC/W v -Tg-2.1 sham and 7-day SAC mice, respectively; nϭ5 per group; PϽ0.01), H3P ϩ (0Ϯ0 and 7.8Ϯ2.9 ␣-MHC ϩ /H3P ϩ LV cardiomyocytes/mm 2 in ␣-MHC/W v -Tg-2.1 sham and 7-day SAC mice, respectively; nϭ5 per group; PϽ0.05), and aurora B ϩ cardiomyocytes (0Ϯ0 and 16.9Ϯ6.6 ␣-MHC ϩ /aurora B ϩ LV cardiomyocytes/mm 2 in ␣-MHC/W v -Tg-2.1 sham and 7-day SAC mice, respectively; nϭ5 per group; PϽ0.05) were readily apparent in 13-week-old ␣-MHC/W v -Tg-2.1 left ventricles. These findings suggest that cardiomyocyte-restricted c-kit inhibition is sufficient for PO-induced cell cycle reentry in adult cardiomyocytes.
Improved LV Function in W/W v Mice After PO
Echocardiography demonstrated an early significant increase in LV wall thickness at 3 days after SAC in WT mice, whereas in W/W v SAC mice, there was a trend toward an increase in LV wall thickness at day 7, which achieved significance by day 14 (supplemental Table II ). In a similar fashion, LV wall thickness-to-diameter ratio increased significantly early on day 3 in WT SAC mice, whereas W/W v SAC mice demonstrate a trend toward an increase in LV concentric hypertrophy at days 7 and 14, but these changes did not achieve significance. Although there were no differences in peak ϮdP/dt max at any time, LV VCFr was significantly increased after 7 days of SAC in W/W v but not in WT mice. Also, a positive correlation between VCFr and the number of proliferating cardiomyocytes in W/W v SAC left ventricles (PϽ0.01, Figure 7a ) indicates that improvements in LV contractility are related to the cardiomyocyte hyperplastic response. Early mortality increases after acute PO, and hypercontractile cardiac function reduces this mortality. 16 In the first 7 days of SAC, 41% of the WT mice, but no W/W v mice, died (Figure 7b ), suggesting that improved cardiac contractility after PO could improve survival in W/W v SAC mice.
c-kit dysfunction inhibits inflammatory MC development and hematopoiesis, 7, 9 which could in turn influence the LV inflammatory response to PO and hence contractility. We examined the extent of this abnormality in W/W v SAC left ventricles and its effect on LV function. We sought leukocyte L1 protein immunofluorescence, which identifies macrophages, neutrophils, and monocytes, 17 to study potential infiltration of inflammatory cells in WT and W/W v left ventricles after 7 days of SAC. Interstitial inflammatory cells numbers were not different between WT and W/W v left ventricles (0.17Ϯ0.11, 0.28Ϯ0.07, 0.17Ϯ0.1, and 0.22Ϯ0.14 LV L1 ϩ interstitial cells/mm 2 in WT sham, WT SAC, W/W v sham, and W/W v SAC mice, respectively; nϭ5 per group). In WT mice, LV MC numbers were not changed after 7 days of SAC (2.2Ϯ0.64 and 1.8Ϯ0.37 MCs/mm 2 in WT-sham and WT SAC left ventricles, respectively; nϭ5 per group). However, as expected, MCs could not be detected in the LV of W/W v SAC mice. Cromolyn, a MC stabilizer, blocks MC-dependent phenomena. 18 Cromolyn (60 mg/kg per day) did not alter the response to 7 days of SAC; ejection-phase LV function VCFr was not different in vehicle-and cromolyn-treated WT sham and SAC mice (10.7Ϯ0.6, 12.6Ϯ1.2, 9.0Ϯ1.5, and 10.1Ϯ1.1 sec Ϫ0.5 in vehicle-treated WT sham and SAC mice and cromolyn-treated WT sham and SAC mice, respectively; nϭ10 to 12 per group). Also, BrdUrd ϩ and Ki67 ϩ cardiomyocytes were not observed in cromolyn-treated WT SAC mice (data not shown). Together, these findings do not support an inflammatory mechanism or MC involvement in influencing LV function in W/W v and WT mice.
c-kit Dysfunction Inhibits CSC Differentiation
Using genetic-fate mapping, Hsieh et al 5 provided evidence that stem or precursor cells add cardiomyocytes to the heart after long-term PO. We thus asked whether c-kit dysfunction alters the levels and/or differentiation state of c-kit ϩ CSCs. c-kit ϩ LV interstitial cells (Ϸ20 m diameter) were relatively infrequent (Ϸ10 cells/mm 2 ) but equally abundant in WT and W/W v mice (Figure 8a ), suggesting that c-kit activity is not essential for maintaining their numbers in the heart. To explore the origin of these cells, we used expression of CD45 to discriminate between c-kit ϩ LV interstitial cells of hematopoietic cell lineage (CD45 ϩ ) and those (CD45 Ϫ ) resident in heart. 19 Absence of vascular EC growth factor receptor-2 (VEGFR2) expression was additionally used to indicate that c-kit ϩ /CD45 Ϫ CSCs were not of bone marrow origin. 13 We studied the colocalization of c-kit and CD45, or c-kit and VEGFR2, in c-kit ϩ /␣-MHC Ϫ small LV interstitial cells. Fewer than 2.5% of c-kit ϩ LV interstitial cells were CD45 ϩ and Ͻ1% were VEGFR2 ϩ in WT and W/W v left ventricles, suggesting that the majority of c-kit ϩ LV interstitial cells were resident CSCs not derived from the bone marrow.
As c-kit ϩ CSCs differentiate into cardiac progenitors, they begin to express the transcription factor GATA4. 4, 20 Under basal conditions, the W/W v left ventricles exhibited an Ϸ14fold reduction (PϽ0.01) in the number of GATA4 ϩ /c-kit ϩ cardiac progenitors (Figure 8b) , indicating that c-kit is critical for in vivo differentiation of these CSCs. Acute PO (7 days of SAC) increased GATA4 ϩ /c-kit ϩ cardiac progenitors in the WT left ventricles by Ϸ50% (PϽ0.05) (Figure 8b ), but total numbers of LV c-kit ϩ interstitial cells were not significantly increased (Figure 8a) . These findings suggest that stem or precursor cell-based addition of cardiomyocytes to the LV after long-term PO 5 could be initiated by an early POdependent increase in c-kit ϩ CSC differentiation. However, the absence of synthetic cardiomyocytes in 7-or 14-day SAC WT mice may be attributable to the acute nature of our in vivo studies, which may not allow sufficient time for c-kit ϩ CSCs to proliferate (and thus be labeled by a short terminal 12-hour BrdUrd pulse), differentiate into cardiac progenitors, and then develop into mature integrated cardiomyocytes.
In contrast to WT mice, PO produced an Ͼ10-fold increase in c-kit ϩ interstitial cells in W/W v left ventricles (Figure 8a) ; these cells were found in large niches (Figure 8c ) and Ͻ1% were differentiated (ie, GATA4 ϩ /c-kit ϩ ) (Figure 8b ), whereas those in WT SAC left ventricles were found as isolated cells (1 to 2 cells) ( Figure 8d ), but Ϸ65% were differentiated (Figure 8b ). One possibility for this differential increase in c-kit ϩ cell numbers is that stem cells have a higher mitotic potential than their more differentiated daughters. 21 As a result, PO may have disproportionately expanded c-kit ϩ CSCs in W/W v hearts.
To establish the specificity of these changes, we examined the effect of c-kit dysfunction and PO on LV Sca-1 ϩ , MDR-1 ϩ , and Abcg-2 ϩ CSC populations. Abcg-2 was mainly located in CD31 ϩ ECs; we observed no Abcg-2 ϩ /CD31 Ϫ interstitial cells in WT or W/W v left ventricles. c-kit dysfunction or PO did not influence the number of Sca-1 ϩ /CD31 Ϫ (2.6Ϯ0.36, 2.7Ϯ0.24, 2.3Ϯ0.5, and 2.2Ϯ0.26 Sca-1 ϩ /CD31 Ϫ interstitial cells/mm 2 in WT-sham, WT SAC, W/W v sham and W/W v SAC left ventricles, respectively; nϭ5 per group) or MDR-1 ϩ /CD31 Ϫ CSCs (0.17Ϯ0.07, 0.11Ϯ0.06, 0.06Ϯ0.06, and 0.11Ϯ0.07 MDR-1 ϩ /CD31 Ϫ interstitial cells/mm 2 in WT sham, WT SAC, W/W v sham, and W/W v SAC left ventricles, respectively; nϭ5 per group). Together, these data indicate that c-kit ϩ CSCs are more abundant than Sca-1 ϩ and MDR-1 ϩ CSCs in WT and W/W v left ventricles and suggest that there is no interplay between these seemingly distinct CSC populations.
PO Increases c-kit Expression in Cardiomyocytes
c-kit ϩ cardiomyocytes were found infrequently in the LV of WT and W/W v mice subjected to 7 days of SAC but not at all in sham controls (data not shown). We sought to determine the relation between c-kit ϩ cardiomyocytes and CSCs in W/W v SAC mice. Accordingly, we asked whether c-kit ϩ cardiomyocytes were more abundant adjacent to c-kit ϩ CSC clusters, as might be expected if their occurrence was dependent on c-kit ϩ CSCs. We tested this in W/W v SAC mice. We found c-kit ϩ cardiomyocytes adjacent to clusters of c-kit ϩ CSCs in W/W v mice (Figure 8c ), but the frequency of these cells was related to the size of the cluster: Ϸ17-fold more c-kit ϩ cardiomyocytes were observed adjacent to large c-kit ϩ CSC clusters than adjacent to isolated (1 to 2 cells) c-kit ϩ CSCs (PϽ0.001) (Figure 8e ). The close association of c-kit ϩ CSCs and c-kit ϩ cardiomyocytes is strongly suggestive of some involvement of CSCs in regulating c-kit in cardiomyocytes. The possibility that cardiomyocyte c-kit immunofluorescence in W/W v left ventricles represents uptake of the soluble c-kit mutant W from CSCs can be ruled out because we used a c-kit antibody that is directed to an epitope not present in W. The close association of c-kit ϩ CSCs and c-kit ϩ cardiomyocytes could be attributable to the derivation of new cardiomyocytes, with retained c-kit expression, from c-kit ϩ CSCs. Another possibility is that c-kit ϩ CSC-derived cytokines and growth factors could perhaps have caused c-kit reexpression in adjacent cardiomyocytes.
Discussion
In mammalian cardiomyocytes, terminal differentiation is thought to occur in 2 discernable phases. 12 The first phase involves the uncoupling of cytokinesis from karyokinesis during a wave of DNA synthesis that occurs soon after birth. In mice, this results in binucleation of cardiomyocytes. 12 The adult newt heart, which is capable of myocardial regeneration after injury, is composed of mono-and binucleated cardiomyocytes, and both can proliferate. 22 This suggests that the uncoupling of karyokinesis from cytokinesis in the early postnatal period does not in itself signify terminal differentiation. The second phase, which also occurs in early postnatal life, is characterized by the near total inability of cardiomyocytes to reenter the cell cycle, even when the myocardium is injured or subjected to hemodynamic stress. 2, 3, 23 We show here that c-kit is expressed by cardiomyocytes for only a few days, beginning immediately after birth and coinciding with the onset of their terminal differentiation. In adult mice with the c-kit mutations W and W v , which markedly suppress c-kit tyrosine kinase activity, 8 cardiomyocytes are mainly binucleated. PO causes W/W v cardiomyocytes to reenter the cell cycle and to divide. Studies with transgenic mice with cardiomyocyte-restricted overexpression of the c-kit dominant-negative mutant W v indicate that cardiomyocyte c-kit dysfunction is the basis for PO-dependent cardiomyocyte cell cycle reentry. Taken together, these findings indicate that c-kit is required for cardiomyocyte terminal differentiation.
In W/W v mice, PO increased LV cardiomyocyte cell cycle reentry by up to 4% from a baseline of Ͻ0.02% (Ͼ200-fold increase), which was associated with the activation of a network of genes that directly regulate cell division (supplemental Table V) . Despite the high proliferative capacity of adult W/W v cardiomyocytes, there were few if any differences in the gene expression profiles of the unstressed adult W/W v and WT cardiomyocytes. It is noteworthy that expression levels of genes that regulate S phase transition in cardiomyocytes, eg, A and D type cyclins and p27 kip , 1,14,24,25 were not altered in W/W v cardiomyocytes from the unstressed adult heart. Thus, cardiomyocyte terminal differentiation may not simply involve suppressed cell cycle protein expression, as has been previously suggested. 26 Further studies are now required to address how c-kit causes cardiomyocytes to terminally withdraw from the cell cycle.
Mechanisms controlling heart function serve to match heart size to functional demand. 2, 3 Fine tuning of myocardial mass to ventricular work occurs even in the embryo, but unlike the adult heart, where this adjustment is by cardiomyocyte hypertrophy, the fetal heart adapts through hyperplasia. 27 Similarly, it has been observed that cardiomyocyte hyperplasia abrogates hypertrophic growth in injured hearts of adult transgenic mice expressing p193 and p53 mutants. 28 The differences between W/W v and WT mice in the onset of the increase in LV wall thickness in response to PO are likely attributable to the delayed onset of cardiomyocyte hypertrophy in W/W v mice. We speculate that in W/W v SAC LV the initial cardiomyocyte hyperplastic response decreases the severity, and delays the onset, of cardiomyocyte hypertrophy. The positive effect of the c-kit dysfunction on LV function in mice with PO, in the face of unaltered capillary density, is related to this hyperplastic growth because of the significant positive correlation between the number of proliferating cardiomyocytes and LV VCFr. Moreover, the increase in LV contractility in W/W v SAC mice was coeval with the greatest improvement in mortality in W/W v SAC mice relative to the WT SAC mice. These findings suggest that because WT cardiomyocytes are terminally differentiated, their response to PO is necessarily restricted to hypertrophic enlargement, which appears to be maladaptive even at the earliest stage of PO.
Our findings contrast with those of Fazel et al, 13 who showed that after myocardial infarction, angiogenesis is impaired and survival decreases markedly in W/W v mice. We found that after PO, capillary growth occurs concurrently with LV growth to maintain capillary density and is likely attributable to EC proliferation as evidenced by equivalent PO-dependent increases in LV BrdUrd ϩ capillary ECs in WT and W/W v mice. After myocardial infarction, bone marrowderived c-kit ϩ cells act to regulate angiogenesis. 13 Survival of W/W v mice after myocardial infarction may be reduced because c-kit dysfunction interferes with the mobilization of these cells to the heart. 13 This does not appear to be the case in our studies: capillary growth after PO is not affected by c-kit dysfunction, and this could explain the differences in mortality in W/W v mice subjected to myocardial infarction versus PO.
Stem cell factor and c-kit play a critical role in MC and melanocyte development and in the differentiation of spermatogonial stem cells. 7, 9, 10 However, the function of c-kit in CSCs has not been clear; it has been used as a cell marker. 20 In this study, we explored the in vivo function of c-kit in CSCs. Although several growth factors and cytokines can regulate CSC differentiation in vitro, 29 our findings indicate that c-kit is critical for the in vivo differentiation of c-kit ϩ CSCs into cardiac progenitors. Recently, Dawn et al 30 have shown that stem cell factor, in combination with granulocyte colony-stimulating factor, regenerates cardiac tissue and improves LV function in mice with myocardial infarction. Because stem/progenitor cells refresh adult cardiomyocytes in the postinfarct myocardium, 5 our findings suggest that stem cell factor may improve LV function in the postinfarct heart in part by increasing the number of cardiac progenitors through increased differentiation.
We conclude that c-kit is an important developmental cue; not only for cardiomyocyte terminal differentiation but also for regulating the number of cardiac progenitors in the LV. Furthermore the proliferative capability of W/W v cardiomyocytes improves cardiac adaptation to PO. Pharmacological strategies that block or bypass cell cycle checkpoints involved in preventing adult cardiomyocyte proliferation could thus have therapeutic benefits beyond those that simply result in the regression of LV hypertrophy.
